Recent years have brought a breakthrough in our understanding of the process of 13 eukaryotic DNA replication termination. We have shown that the process of replication 14 machinery (replisome) disassembly at the termination of DNA replication forks in S-phase of 15 the cell cycle is driven through polyubiquitylation of one of the replicative helicase subunits 16 Mcm7. Our previous work in C.elegans embryos suggested also an existence of a back-up 17 pathway of replisome disassembly in mitosis. Here we show, that in Xenopus laevis egg 18 extract, any replisome retained on chromatin after S-phase is indeed removed from 19 chromatin in mitosis. This mitotic disassembly pathway depends on formation of K6 and K63 20 ubiquitin chains on Mcm7 by TRAIP ubiquitin ligase and activity of p97/VCP protein 21 segregase. The mitotic replisome pathway is therefore conserved through evolution in higher 22 eukaryotes. However, unlike in lower eukaryotes it does not require SUMO modifications.
INTRODUCTION
Faithful cell division is the basis for the propagation of life and requires accurate 31 duplication of all genetic information. DNA replication must be precisely regulated as 32 unrepaired mistakes can change cell behaviour with potentially severe consequences, such 33 as genetic disease, cancer and premature ageing (Burrell, McClelland et al., 2013) .
34
Fundamental studies have led to a step-change in our understanding of the initiation of DNA 35 replication and DNA synthesis, but until discovery of the first elements of the eukaryotic replisome disassembly mechanism in 2014, the termination stage of eukaryotic replication 1 was mostly unexplored.
2
DNA replication initiates from thousands of replication origins. They are the positions 3 within the genome where replicative helicases become activated and start unwinding DNA 4 while moving in opposite directions, away from each other, creating two DNA replication addition in the absence but not in the presence of the p97 inhibitor indicating that indeed p97 1 does play an essential role in promoting mitotic replisome disassembly ( Fig 1C) . We could 2 also see an analogous result if the p97 inhibitor was present throughout the two stages of 3 the cell cycle as the only way to block replisome disassembly (EV Fig 1C) .
4
Interestingly, when the mitotic unloading of replisome was blocked with p97 inhibitor, we 5 could clearly see accumulation of highly modified forms of Mcm7 on chromatin ( Fig 1C and   6 EV Fig 1C) . To examine whether these modifications were due to further ubiquitylation of 7
Mcm7, we blocked S-phase and mitotic replisome disassembly by addition of p97 inhibitor 8 from the beginning of the replication reaction, induced mitosis after completion of DNA 9 sythesis and optionally supplemented extract with a high concentration of wild-type (wt) 10 ubiquitin or a chain-terminating mutant of ubiquitin with all lysines mutated (UbiNOK).
11
Supplementation of mitotic extract with wt ubiquitin allowed for accumulation of highly 12 modified Mcm7 on chromatin in mitosis as before ( Fig 1D, left) . However, addition of 
23
As the ubiquitin ligase acting in the mitotic pathway differed from that of the S-phase 24 pathway, we decided to test whether the type of ubiquitin chains built on Mcm7 in mitosis 25 also differed. To determine which ubiquitin chains were required for the mitotic Mcm7 26 ubiquitylation and replisome disassembly, we supplemented extract with Cullin inhibitor, 27 allowed completion of DNA synthesis and subsequently induced mitosis along with addition 28 of a series of ubiquitin mutants that have only one lysine left in their sequence ( Fig 1G) . We 29 observed that only wt ubiquitin and ubiquitin containing lysine 6 (K6) or lysine 63 (K63) could 30 support mitotic replisome disassembly (as visualised by absence of Cdc45 on chromatin at 31 75 min after inducing mitosis) ( Fig 1G) . Interestingly, chains linked through lysine 48 (K48), ). All of the mutants used, apart from the UbiNOK control mutant, supported disassembly of the replisome, suggesting that either K6 or K63 can fulfill the mitotic pathway 1 requirements ( Fig 1H) .
2
Having established that the type of ubiquitin chains and the type of ubiquitin ligase used 3 by the mitotic pathway were different to those used by the S-phase pathway, our aim was to 4 determine which ligase is driving this mitotic disassembly pathway. To identify the potential 5 ligase we decided to immunoprecipitate the replisome retained on mitotic chromatin and 6 analyse all the interacting proteins by mass spectrometry. We set up a replication reaction in 
16
and Claspin, while levels of Ctf4/And-1, Timeless/Tipin and Pol epsilon were also reduced 17 (Fig 2A and B ). This suggests that only components directly interacting with the CMG 18 accumulated around it through to mitosis, while others, more peripheral to CMG could 19 dissociate over time.
20
The level of histone chaperone FACT (Spt16 and SSRP) stays the same between S-21 phase and mitosis. This suggests that the retained replisome has the potential ability to 22 move through chromatin as FACT is likely to displace nucleosomes in front of such a 23 replisome. We could see also that Cul2 LRR1 , which strongly accumulated in the S-phase 24 post-termination replisome, is not a major component of the mitotic replisome, as expected 25 from previous data (Fig 1) .
26
Finally, we detected two other ubiquitin ligases interacting with the mitotic helicase:
27
TRAIP and RNF213. More specifically, we found that TRAIP interacts with the post-28 termination replisome in S-phase but it is enriched in mitosis, while RNF213 is a minor 29 interactor of only the mitotic replisome (Fig 2A) . The TNF-receptor-associated factor (TRAF)-
30
interacting protein (TRAIP, also known as TRIP or RNF206) was originally identified through 31 its ability to bind TRAF1 and TRAF2 and shown to inhibit NFkB activation (Lee, Lee et al., 1997 ). It has been since shown that TRAIP is an E3 ubiquitin ligase, which is essential for Figure 3C shows that addition of RING mutant of TRAIP, 
32

35
To fully understand the requirement for ubiquitin like modifications during the mitotic 36 replisome disassembly in vertebrates, we aimed to establish whether SUMOylation plays any role in this process as ULP-4 is essential for mitotic helicase disassembly in C. elegans 1 embryos. To this end we decided to inhibit or stimulate SUMOylation during mitosis and 2 assess its effect on replisome disassembly. Firstly, we observed that late S-phase chromatin 3 is full of SUMOylated factors and that levels of these proteins go down over time upon entry 4 into mitosis (Fig 4 and EV Fig 2) . To inhibit SUMOylation we have supplemented the mitotic SUMO1ylation (EV Fig 3A) but the disassembly of the mitotic replisome is not affected (Fig   8   4A ). We have also stimulated SUMOylation through addition of a high concentration of 9 recombinant SUMO1 or SUMO2 (EV Fig 2) . In both cases, despite a clear increase of 10 SUMO signal on chromatin, the unloading of the mitotic replisome was not affected. Finally 
16
indicating that the SUMOylated proteins are unloaded from chromatin throughout mitosis 17 rather than being de-SUMOylated. In conclusion, we determined that SUMO modifications 18 do not play an essential role in the mitotic disassembly pathway in Xenopus egg extract. In 19 an analogous way we have also shown that they do not play a role during the S-phase 20 replisome disassembly pathway (EV Fig 3) .
21
Finally, we set out to determine whether the mitotic replisome disassembly pathway we 22 were characterising was a mere "back-up" pathway for replisomes that terminated in S- Fig 1B) . Such a delay is likely due to the fact that with no prior ubiquitylation of determined that unloading of stalled replisomes requires the activity of p97 segregase, as it 1 is inhibited with p97 inhibitor NMS873 ( Fig 5B) . From these observations we can thus say 
24
It is likely that these unreplicated DNA fragments must be processed in mitosis to ensure 25 correct chromosome segregation and this processing will involve replisome unloading and 26 fork remodellinghence the need for a process of replisome disassembly in mitosis.
27
TRAIP is a pleiotropic ubiquitin ligase involved in numerous cellular processes. It is clear 28 that TRAIP is essential for appropriate repair of DNA damage in many forms: mitomycin C 
32
TRAIP has also been reported to be an important regulator of the spindle assembly In support of our observation that TRAIP interacts weakly with S-phase chromatin when 1 replication forks replicate DNA ( Fig 3A) , TRAIP has been shown to interact with nascent 2 DNA in unperturbed S-phase in human cells through Nascent Chromatin Capture (NCC) 
15
p97 cofactors are known also to interact with ubiquitin-like modifiers e.g. Nedd8 and Atg8
16
(reviewed in (Meyer, 2012) ). Finally, p97 was also shown to bind more readily to branched 
30
Finally, we have shown that in the Xenopus system neither S-phase nor mitotic replisome 31 disassembly requires SUMO modifications (Fig 4 and EV Fig 3) in contrast to C. elegans 
26
Elution buffer: Lysis buffer supplemented with 10% glycerol and 250 mM imidazole.
27
Xenopus TRAIP was cloned into pGS21 vector, expressed in BL21 (DE3) bacterial strain in 
16
Mitosis was optionally driven by addition of 826 nM cyclin A1 NΔ56, and reactions were 17 incubated for further 2 hours. Assembled S-phase or mitotic chromatin were stained with 18 Hoechst 33258 and viewed as previously described (Strausfeld et al., 1996) . Fig 1B). (B) The inhibition of stalled replisomes was 
